We investigate the conductance of quantum wires with a variable open quantum dot geometry, displaying an exceptionally strong Kondo effect and most of the 0.7 structure characteristics. Our results indicate that the 0.7 structure is not a manifestation of the singlet Kondo effect. However, specific similarities between our devices and many of the clean quantum wires reported in the literature suggest a weakly bound state is often present in real quantum wires. DOI: 10.1103/PhysRevLett.100.026807 PACS numbers: 73.21.Hb, 72.10.Fk, 72.25.Dc, 73.23.Ad At low temperatures, the differential conductance G dI=dV of quantum wires is quantized in units of 2e 2 =h, due to the transmission of spin-degenerate onedimensional (1D) subbands [1, 2] . However, a shoulder near the conductance value 0:72e 2 =h can often be observed and is referred to as the ''0.7 anomaly'' or ''0.7 structure '' [3]. Its origin is still under debate. References [4, 5] highlight similarities between the Kondo effect in quantum dots [6 -10] and the 0.7 structure. They attribute all observed properties of the 0.7 structure to the suppression (with temperature T, magnetic field B, or source-drain bias V sd ) of a 1D Kondo-like enhancement of the conductance above a fully spin-polarized 0:52e 2 =h plateau. Many theoretical investigations have predicted the formation of a potential minimum for at least one spin type in quantum wires [11] [12] [13] [14] [15] [16] [17] .
disappears in Fig. 1(b) when the conducting channel is moved to either side, away from the center of the etched channel, by differentially biasing the left and right gates by V g (only V g > 0 is shown). With increasing jV g j, the entrance and exit barrier potentials become increasingly asymmetric, until the resonant peak is destroyed and only one of the two micro-constrictions dominates 1D transport, as in Fig. 1 
(a).
Figure 2(a) shows that the single resonant peak has no corresponding peak in the risers of higher plateaux. This is not the behavior of length resonances (typically, the amplitude increases with subband index [18] [19] [20] ), and thus we interpret this resonant peak to be a Coulomb-Blockade (CB) peak. We believe the conductance dip observed most strongly on the first plateau results from resonant backscattering when the second 1D subband opens only in the widening between the micro-constrictions [21] . The behavior in Fig. 2(b) is quite similar to the singlet Kondo effect seen in quantum dots [6 -10] . Figure 2(c) shows that G increases with increasing T: the Kondo effect is completely suppressed. An additional shoulder (indicated by an arrow) developing at 0:72e 2 =h can be observed in Fig. 2(c) , bearing a strong resemblance to the ''classic'' 0.7 structure. The Kondo effect and the 0.7 structure appear [22] . Looking back at Fig. 2(a) , a shoulder at 1:72e 2 =h also becomes more pronounced as temperature increases (indicated by an arrow). A very similar 0:72e 2 =h structure and 1:72e 2 =h feature were also observed at T 1 K in Fig. 3 of Ref. [23] , but without a Kondo-like effect.
From Fig. 2 , we extracted G versus T at fixed V gate . For 42 mK T < 800 mK, we fitted the data with three models: the activation model G A 1 ÿ C A e ÿT A =T [24] , the quantum dot Kondo model G K 1 2 1=s ÿ 1 T=T K 2 ÿs [9] , and the Kondo-like model G K-L 0:50 0:501 2 1=s ÿ 1T=T K 2 ÿs [4] , where G A , G K , and G K-L are in units of 2e 2 =h. We estimate our base electron temperature to be 42 mK. The Kondo-like model could not be fitted to our data. Figure 3 summarizes the fit results with the other two models, collapsed onto their universal curve. At high ratios (>4) of T A =T and T K =T, the data fit the quantum dot Kondo model better. Figure 4 shows the effect of V sd on our device in both the V g 0 and V g Þ 0 regimes. In the V g 0 regime, increasing jV sd j from 0 to 100 V at low T has a dramatic effect: conductance is suppressed to reveal the CB peak normally visible only at higher T. One can directly compare the effect of T in Fig. 2 (b) and V sd in Fig. 4 (a) (only V sd < 0 is shown). By contrast, in the V g Þ 0 regime, increasing jV sd j up to 100 V has little effect [ Fig. 4 (b) shows V sd < 0 only]. In the proposed 1D Kondo-like model [4] , the appearance of the so-called 0:852e 2 =h plateau [24] is associated with the suppression of the Kondo-enhanced conductance from the 2e 2 =h plateau. In our devices, Figs [25] ]. We believe their origin involves processes other than Kondo physics [20] . 
The inset shows a detailed view of the range 0 < T A =T < 2 for ÿ14 mV V gate ÿ8 mV.
The inset shows the extracted T A and T K (5%), consistent with values found in previous studies [4, 24] . In both (a) and (b), the black solid line shows the theoretical universal curve. Figure 5 shows the effect of V sd on the zero-bias anomaly (ZBA) in the V g 0 regime. There are three intervals of V gate values of interest shown in Fig. 5(a) : ''zone I'' from pinch-off to the CB peak apex, ''zone II'' from the CB peak apex to the minimum of the Coulomb valley, and ''zone III'' from the minimum in the Coulomb valley up to the 2e 2 =h plateau. We further defined G max as the maximum conductance achieved at T 0:03 K, V sd 0 V, and B 0 T; h ZBA is defined as G max minus the conductance of the local minimum on the right-hand side of the ZBA. We do not use the ZBA width, as it is difficult to discern the ZBA from the expected bell shape of dI=dV sd when approaching a quantized plateau in zone III. Figures 5(b)-5(d) show that G max increases monotonically with V gate , so that Figs. 5(e) and 5(f) effectively plot h ZBA as a function of V gate . The h ZBA minimum near G max 0:82e 2 =h occurs at the apex of the CB peak, where first-order resonant tunneling through the bound state reaches a maximum and thus swamps the ZBA. In a quantum dot displaying the singlet Kondo effect, if the peak in the density of states associated with the single-particle state is fairly broad, a flat response in G to very low V sd ( < 80 V) can be observed on a CB peak [e.g. Fig. 4(d) in Ref. [8] ]. As shown by the black trace in Fig. 5(c) , one can obtain such a flat response at precisely the CB peak apex. Interestingly, the ZBA clearly exists in both zones I and II at B 0 T, violating the odd-even parity rule for Kondo valleys [8] (two adjacent CB valleys cannot exhibit a singlet Kondo effect). Our results cannot be explained by adding in series the ZBA's of two independent systems (wire-wire, dot-wire) [26] . At intermediate values of V sd in zones I and II, a triple-peaked structure can be observed in dI=dV sd [see inset of Fig. 5(c) ]. The central peak is the ZBA. We interpret the two satellite peaks to be resonant-tunneling peaks due to the alignment of the bound state with the Fermi level in the leads, allowing a direct measurement of the bound state's position in energy [27] . Figure 6 (b) shows a similar triple-peaked structure in the dI=dV sd of a clean quantum wire [also in Fig. 1(d) of Ref. [4] , Fig. 3 of Ref. [24] , and Fig. 2(b) of Ref. [28] ]. We hypothesize the two satellite peaks to the ZBA could be resonant-tunneling peaks due to an exchange-induced bound state (which we label 1D ) in the calculated double-barrier potential reported in Refs. [11] [12] [13] [14] [15] [16] [17] . Plotting h ZBA against G max or V gate for the ZBA in clean quantum wires, as shown in Figs. 6(c)-6(e) , one often finds a local minimum where the 0.7 structure lies: firstorder tunneling through 1D reaches a maximum. Figure 7 (a) shows the effect of an in-plane magnetic field (parallel to the wire) on our device. The ZBA is spinsplit in Fig. 7(b) : as V gate (and hence T K ) is decreased, we observe a transition from the regime g B B < k B T K where spin-splitting cannot be resolved, to the regime k B T K < g B B where spin-splitting becomes visible (using the bulk GaAs Landé g factor g 0:44, the Bohr magneton B 58 V=T, and the T K values from Fig. 3 ). The variation in peak splitting is qualitatively consistent with a critical field B c T K , as observed in quantum dots [29, 30] . As with T in Fig. 2(b) and V sd in Fig. 4(a) , the Kondo enhancement of the conductance is rapidly suppressed with increasing field to reveal the CB peak. For B 1 T, we suggest only spin-down electrons tunnel through the bound state, and thus the CB peak apex is pinned at e 2 =h while its right-hand side valley deepens with increasing field. The resonance on the 0:52e 2 =h plateau is not mirrored on the spin-split 1:52e 2 =h plateau: [28] , and (e) data from Fig. 1(d) in Ref. [4] . Note how all h ZBA plots have a local minimum.
it is not a length resonance [20] . Even in clean quantum wires that do not otherwise show any resonant peaks at zero or low magnetic fields, a resonance on the spin-split e 2 =h plateau often occurs (e.g., Figs. 1 in Refs. [31] [32] [33] ). Unlike our open quantum dots, these resonances in clean quantum wires only become apparent at very large magnetic fields, on a fully developed spin-split e 2 =h plateau.
On a bound state in clean quantum wires.-Many of the characteristics of our open quantum dot devices are also shared by clean quantum wires, albeit in a much weaker form. These are (i) a well-defined conductance dip or an overall downward bow on the 2e 2 =h plateau at very low temperatures and B 0 T, (ii) a resonance on a fully developed spin-split e 2 =h plateau, deepening with increasing magnetic field, (iii) a triple-peaked structure in dI=dV sd at fixed V gate below the 0.7 structure, and (iv) a minimum near the 0.7 structure in plots of h ZBA against G max (or V gate ). This compels us to deduce that a bound or only partially extended state 1D can exist in clean quantum wires, near pinch-off. Whether the 0.7 structure is linked to this state 1D remains to be investigated.
On the 0.7 structure and Kondo physics.
-In our open quantum dots, we were able to isolate phenomena associated with Kondo physics from that associated with ''0.7 structure'' physics. For example, at high temperature in Fig. 2(c) , there is an excess of conductance (for V gate > ÿ15 mV, past the shoulder) not fully accounted for by the Kondo model. Although we find that the Kondo effect is not responsible for all the 0.7 structure phenomenology, it does appear to be present in quantum wires (as embodied by the ZBA) at very low temperatures, magnetic fields, and source-drain biases. In light of the possible existence of a 1D state even in clean quantum wires, we thus propose that both the Kondo-like effect in 1D channels and the 0.7 structure are separate and distinct effects.
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